In order to better understand the latitudinal distribution patterns of climate-sensitive 64 lithologies and the associated climate change, we revisit a global-scale lithologic compilation 65 of coals, evaporites and glacial deposits, with our analysis extending back to the Devonian 66 period (~400 Ma ago). We test the sensitivity of their latitudinal distribution to uneven 67 distribution of continental areas through time and to reconstruction models, and then quantify 68 their distribution patterns with corrections of sampling-and continental area-bias, using 69
Significant Zero crossings of the derivative (SiZer) of Chaudhuri & Marron (1999) to obtain 70 the best fitting probability density functions and Highest Density Regions (HDR) of 71 Hyndman (1996) to compute 50% and 95% confidence intervals. The shifting latitudinal 72 distribution patterns reflect climate change associated with humid/arid, 73 precipitation/evaporation or cold/warm climatic conditions. To understand the mechanism, 74 we compare the trends of latitudinal distribution patterns of these paleoclimate deposits with 75 the atmospheric CO 2 evolution (Foster et al. 2017 ) and tropic mountain range areas derived 76 from the paleogeographic maps (Golonka et The dataset used in this study covers Devonian to Miocene times and is divided into 23 time 100
intervals at the scale of geological stages (Table 1 ). The time range that we assign to each 101 data point is entirely derived from the time ranges that Boucot et al. (2013) has used to draw 102 the maps, and we use the middle ages of these time intervals to determine the reconstruction 103 times (Table 1) . We use modern peats (as they may eventually become coals), evaporites and 104 glacial sediments (tillites and 'glacio-marine' beds) from Ziegler et al. (2003) for reference.
105
Coals and peats are generally considered as indicators of terrestrial humidity, reflecting 106 climatic regimes in which precipitation exceeds or is equal to evaporation (Parrish et al. 107 1982; Hallam, 1985; McCabe & Parrish, 1992 ; Price et al. 1995) . Evaporites are formed in 108 climatic conditions where evaporation exceeds the combined effects of precipitation, marine 109 or river influx, and runoff (Craggs et al. 2011 ), yet, they may occur in temperate regions 110 (Boucot et al. 2013) . Tillites, dropstones and glendonites in the dataset are glacial or glacial-111 origin deposits indicating cold climate, generally due to high latitudes, but some could be 112 related to high elevations (Boucot et al. 2013 We first reconstructed the lithologic data for coals, evaporites and glacial deposits from their 154 modern locations to ancient locations in geological time ( Fig. 1 ) using the global plate motion 155 model of Matthews et al. (2016) . Due to the inconsistence of age assignments between some 156 lithologic data and "underlying" terrane polygons, leading to unexpected reconstructed 157 locations of these lithologic data, we only considered the data points whose time ranges of 158 existence were within the time span and present-day spatial extent of the underlying terrane.
159
We next binned the data points using a 5°x5° mesh of the global surface, following Ziegler et 160 al. (2003) (Fig. 3b) . Each bin contained a variable number of data points or none, for 161 example, a bin could contain 0-24 data point(s) for modern peats at present-day coordinates 162 (Fig. 3b) . The recorded data points were unevenly distributed spatially (Fig. 3a, b ), largely 163 due to sampling bias. To remove the bias, we resampled the data by collapsing all the 164 samples into a single value for each bin: 1 where data existed (Fig. 3c , red bins), and 0 where 165 there were no data points (Fig. 3c , blue bins). We subsequently summed up the numbers of 166 resampled data in each 5° latitudinal strip (Fig. 4b) . These steps significantly reduced the 167 numbers of data points considered per latitudinal strip (compare the y-axis of Fig. 4a, b latitudinal strip using the continental area in the same strip to remove the bias due to the 179 uneven distribution of continental areas through time. Subsequently, the results were scaled 180 to represent probabilities of data appearing in a 5° latitudinal strip (Fig. 4d) . In order to 181 investigate the paleolatitudinal zonal patterns of these climate indicators, we combined the 182 data corrected for continental area bias from both hemispheres to form symmetric and 183 composite zonal patterns, and normalised the results in a strip into probabilities with respect 184
to the sum of all the values in the same strip (Fig. 4e) consists of those elements of the sample space with highest probability (Hyndman, 1996 over the data in each 5° strip at each time interval, the differences among strips at a time 236 interval are evened out to some degree (for example, compare the y-axis of Figure 5a , b, d).
237
The zonal patterns for coals (Fig. 5e) , evaporites ( Fig. 6e ) and glacial deposits (Fig. 7e) 
238
considerably vary over time.
240
We compute the high-density latitudinal ranges with 50% and 95% confidence intervals for 241 coals ( Fig. 5f ), evaporites ( Fig. 6f ) and glacial deposits (Fig. 7f) , respectively, at each time 242
interval. Considering the extent of these 95% confidence ranges, coals are relatively widely 243 distributed on Earth's surface over the time period of interest, extending from the equator to 244 the poles for many time periods (Fig. 5f , light grey area). Evaporites (96% confidence) are 245 generally concentrated within low-middle latitudes (0-60°) in two hemispheres, with a mean 246 paleolatitude of 26 ± 3° in each hemisphere since the Devonian (Fig. 6f, (Fig. 5f , dark grey area). They move from the middle latitudes towards the equator 258 during the Devonian, but the original coal deposits in the Devonian are too few to provide 259 much climatological insight (Boucot et al. 2013) . During the Carboniferous, they are strictly 260 limited within 0-25°N and S, however, they separate into two latitudinal belts of 0-10° and 261 Triassic, they start to shift poleward until modern times at a mean latitude of ~35° N and S, 277
with a short and rapid poleward movement during early Eocene (Lutetian).
279
The trends in how the highest density latitudes of glacial deposits with 50% confidence (Fig.  280 7f, grey area) shift northwards or southwards are similar to coals, but at higher latitude. They 281 generally concentrate within middle-high latitudes through time ( In order to test the assumption that past climates were zonal and hemispherically symmetric, 294
we investigated the latitudinal distributions of lithologies for each hemisphere independently 295 through time, and estimated their high-density latitudinal belts using the same statistical 296 methods (Supplementary Figs S1 and S2). At the first order, more lithologic data are 297 distributed on the northern hemisphere over the timeframe, except for late Paleozoic and 298
Cenozoic times when more glacial deposits formed in the southern hemisphere. The 299 distributions of coals and evaporites in the northern hemisphere (Supplementary Figs S1 and 300 S2) are similar to the results with data combined over two hemispheres (Figs 12a-c). This is 301 largely because of the uneven distribution of continental areas through time, leading to a 302 biased distribution of lithologic deposits on the northern hemisphere. Overall, the data 303 distribution warrants combining the two hemispheres in zonal patterns. 304 305 closer to the equator (Fig. 9 , red). This mainly results from the uneven latitudinal distribution 316 of continental areas, with very little to no continental coverage near the poles during these 317 periods (Fig. 5c ). Due to relatively small continental coverage near the equator (Fig. 5c ), the 318 zonal patterns of coals without area correction are closer to the poles during the Middle 319 Devonian (Fig. 9 , red). 320 321
[Insert Figure 9 ] 322 323
The uneven distribution of continental areas through time has relatively less impact on the 324 zonal patterns of evaporites ( Fig. 9b ) and glacial deposits (Fig. 9c) (2016), to analyze the sensitivity of latitudinal distributions of coals, evaporites and glacial 343 deposits to reconstruction model. We use the same method described in the Methods section 344 to obtain the probability density functions of the latitudinal distributions for these lithologies 345 over time. The results indicate that the three reconstructions result in only second-order 346 differences through time (Fig. 10) . Differences in the distributions are most pronounced 347 where reconstructed paleolatitudes differ for blocks that host a large proportion of data points 348 for a given time interval. 349 The latitudinal distributions of glacial deposits are also similar through time among the three 378 considered reconstructions (Fig. 9c) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60
We compare the use of three different spatial resolutions to bin the original data points to 394 remove the effect of sampling bias on the distribution patterns of these climatically lithologic 395 deposits, using the plate motion model of Matthews et al. (2016) , for each time interval since 396 the Devonian period: 10° (Fig. 11a) , 5° (Fig. 11b) , and 2° (Fig. 11c) . The results indicate that 397
there are too few strips containing data points, especially during the Devonian, to be able to 398 obtain much statistical significance using 10° as the binning size (Fig. 11a) . Using 2° as the 399 binning size results in noisier distributions (Fig. 11c ) and a more difficult analysis of 400 distribution patterns. A spatial resolution of 5° is a good compromise that captures the data 401 distribution yet results in less noise, and follows previous work that aids comparison with our 402 work (Fig. 11b) We present the high-density latitudinal ranges in one hemisphere, due to the assumed 408 symmetry of two hemispheres, with 50% and 95% confidence intervals for coals (Fig. 12a ), 409 evaporites ( Fig. 12b ) and glacial deposits (Fig. 12c) , respectively, at each time interval. We 410 also present the cumulative high-density latitudinal ranges over the entire time period for 411 these lithologies (rightmost panels in Fig. 12a, b, Permian to present (Fig. 12a, b, c) . In addition, the temporal division at the scale of 417 geological periods in previous studies did not attempt to resolve variations over shorter time 418 periods, whereas the dataset used in this study is based on a time division at the scale of 419 geological stages. The temporal resolution based on the scale of geological periods does not 420 allow us to capture variations of latitudinal distribution patterns of climate-sensitive 421 lithologic deposits within geological periods, such as the significant movement towards the 422 equator from probability density curves with 50% confidence for coals between Early 423
Paleogene and Middle Paleogene times in Figure 12a .
Highest density latitudinal belts of evaporites with 50% confidence exhibit relatively subtle 428
shifts within a narrow range of latitudes over time (Fig. 12b ), although they are very similar 429 to the cumulative result covering the entire temporal range (right panel in Fig. 12b 24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Jurassic times during which the distribution is unimodal (Fig. 6f) . These unimodal 442 distributions should be treated with caution, since comparison with the unsmoothed 443 distributions (Fig. 6e) times. The distribution during the Devonian period is unlikely to be reliable due to a lack of 457 data samples (Figs. 1, 2) . The Carboniferous period is significantly different from post-458
Paleozoic times (Fig. 12a) . Abundant coal samples were accumulated in tropical regions (~0-459 25°N and S) during the Carboniferous period, while they were mostly deposited at middle or 460 high latitudes during Mesozoic and Cenozoic times (Fig. 12a) Fig. 12e-g ). Atmospheric CO 2 levels do not indicate significant changes at the beginning of 489 the Permian period that would directly coincide with the poleward shift in coal distributions.
490
The areas of tropical mountain ranges close to the equator (Fig. 12e) , thought to be regions of 491 significantly enhanced weathering rates, similarly does not record a significant change from 492 the Late Pennsylvanian through the Early Permian (Fig. 12e) It is important to consider some non-climatic factors that may influence the latitudinal 509 distributions of these lithologies. Carboniferous coal-forming flora were dominated by 510 pteridophytes with a low tolerance to groundwater fluctuations due to their shallow root 511 system, making them less likely to form thick preserved coal seams even where favourable 512 peat-forming conditions existed (Diessel, 1992) . In contrast, post-Carboniferous coal 513 measures were dominated by Gymnosperms from the Permian to the Cretaceous and 514 angiosperms since the Triassic. They can occupy a wider range of latitudes due to their 515 greater tolerance to groundwater fluctuations and adaptability in more fully marginal peat-516 forming conditions (Diessel, 1992) . The evolution of plant groups through space and time 517 could contribute to the changing distributions of coal deposits through time, especially its 518 significant poleward shift in the Early Permian. Additionally, a further contributor to the 519 Carboniferous low-latitude peak in coal distribution could be the relatively rare occurrence of 520 extensive foreland-basin systems within the tropics during Pangea assembly, ideal for the 521 formation and preservation of coal (Nelsen et al. 2016) . In summary, the major poleward 522 shift in coal distributions beginning in the Early Permian is likely to be driven by a 523 The changing latitudinal belts of evaporites with 50% confidence (Fig. 12b) indicate the 527 evolution of low-latitudinal arid zones over time but the fluctuations are subtle relative to 528 other indicators. During the Early Paleogene, they underwent a relatively rapid shift away 529 from the equator, contemporaneous with climate-driven shifts in coals and glacial deposits. In 530 older times, the origins of changes are less clear (Fig. 12b) . Ancient marine evaporite 531 formation is not only related to dry climate but also tectonic setting (Warren, 2010). For 532 instance, during the Early Devonian, many evaporites occurred in the northern margins of 533 tropical Laurentia and low-latitude Siberia (Fig. 1) , which could explain the equatorial 534 distribution of evaporites during the time (Fig. 12b) . The latitudinal belt of evaporites shift 535 poleward to mean latitudes of ~25° N and S during Middle Devonian-Early Carboniferous 536 time (Fig. 12b ). This could be mostly due to that evaporites accumulate in the southern, 537 western or eastern margins of Laurentia during the Middle Devonian-Early Carboniferous 538 time (Fig. 1 (Fig. 12h) . The 558
Cenozoic glaciation corresponds to remarkable topographic uplift (Fig. 12e) of the Himalaya-559
Tibetan Plateau (Molnar & England, 1990) contributing to atmospheric CO 2 decrease through 560 enhanced silicate weathering and resulting high temperature gradients (Fig. 12h) (Fig. 12a, d ). Higher temporal resolution would make it possible to refine climate 590 reconstructions. 591 592
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